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I N T R O D U C T I O N
Many neurons in vertebrate species operate around high baseline firing rates and encode information via modulations of firing rate, including neurons in cerebellar, vestibular, auditory, and oculomotor circuits as well as fast-firing cortical and basal ganglia neurons. Mammalian vestibular nucleus neurons, for example, fire spontaneously in the awake animal at baseline firing rates of about 30 -100 Hz and can increase firing rates up to several hundred Hz (Beraneck and Cullen 2007; Buettner et al. 1978; Cheron et al. 1996; Cullen and McCrea 1993; Fuchs and Kimm 1975; Newlands et al. 2009; Ris et al.1995) . To sustain high firing rates, neurons must overcome a critical challenge presented by the biophysical properties of sodium channels: depolarization during the action potential inactivates sodium channels, which then require tens to hundreds of milliseconds to become available for subsequent action potentials. How do neurons maintain the ability to fire at high rates despite sodium channel inactivation?
Two predominant types of ionic currents are thought to be particularly important for conferring the ability to fire fast: sodium currents with resurgent kinetics (Khaliq et al. 2003; Mercer et al. 2007; Raman and Bean 2001) and the Kv3 family of potassium currents (Erisir et al. 1999; Lien and Jonas 2003; McKay and Turner 2004; Wang et al. 1998) . In neurons expressing resurgent sodium current, a subset of sodium channels are prevented from inactivation via a blocking particle that competes with the inactivation gate (Grieco et al. 2005) . Kv3 currents are activated rapidly at relatively low membrane potentials, making them well suited for mediating rapid repolarization of action potentials (Rudy and McBain 2001) .
Although all vestibular nucleus neurons express both resurgent Na current and Kv3 currents (Gittis and du Lac 2007, 2008) , the ability to fire fast varies considerably both within and across cell types (Bagnall et al. 2007; Sekirnjak and du Lac 2002) . The fastest vestibular nucleus neurons can sustain firing rates of several hundred Hz, express markers for the neurotransmitters glycine or glutamate, and are labeled in the YFP-16 line of transgenic mice (Bagnall et al. 2007 ). In contrast, GABAergic neurons labeled in the GIN mouse line fire more slowly in response to maximal depolarization, attaining firing rates that typically saturate between 100 and 200 Hz. Although the ionic currents expressed in YFP-16 and GIN neurons are qualitatively similar (Gittis and du Lac 2007, 2008) , quantitative differences in K-channel expression levels raise the possibility that the mechanisms engaged during action potential firing differ across these broad neuronal classes.
The goals of this study were to identify the ionic currents that enable vestibular nucleus neurons to maintain firing at high rates and to determine whether the mechanisms that protect sodium channels from inactivation vary across cell types. To examine currents activated during firing, we used the action potential clamp technique, in which each neuron's own action potentials are used as voltage-clamp stimuli. To ensure adequate voltage-clamp control of identified cell types, recordings were targeted to mature, fluorescently labeled neurons acutely dissociated from GIN and YFP-16 mouse lines. The results indicate that resurgent Na, Kv3, and BK currents contribute differentially to repetitive action potential firing across firing rates and cell types.
M E T H O D S

Animals
Experimental protocols for this study were approved by the Salk Institute Animal Care and Use Committee. Prior to obtaining brain tissue, used for dissociated cell preparations, mice aged 24 -40 days (avg ϭ 30 days) were anesthetized deeply with Nembutal interperitoneally and then decapitated.
Cell preparation
Using methods described in Sekirnjak and du Lac (2006) , 350 M coronal slices through the rostral two thirds of the medial vestibular nucleus (MVN) were prepared with a DSK-1500E or Leica VT1000S Vibratome in 4°C carbogenated artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 26 NaCHO 3 , 5 KCl, 1.3 MgCl 2 , 2.5 CaCl 2 , 1 NaH 2 PO 4 , and 11 glucose. Slices were warmed for 10 -30 min at 34°C then maintained at room temperature. Neurons were enzymatically dissociated, as described in Gittis and du Lac (2007) , from 24-to 40-day-old mice, either GIN (Oliva Jr et al. 2000) or YFP-16 (Feng et al. 2000) neurons, both in c57bl6 backgrounds. Slices were treated with 40 U/mL papain (Worthington) in 9.4 mg/mL MEM powder (Gibco), 10 mM Hepes, and 0.2 mM cysteine, for 10 min at 30°C. The bilateral vestibular nuclei were removed from a slice, triturated with fire-polished Pasteur pipettes, and dissociated neurons were plated on the glass slide of the recording chamber.
Electrophysiological recording
For the duration of a recording session (2-3 h), neurons were continuously perfused with oxygenated Tyrode's solution (in mM: 150 NaCl, 3.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 Hepes, and 10 glucose) and all recordings were done at room temperature. Whole cell recordings were made with borosilicate pipettes (2-4 M⍀), filled with a Kgluconate-based intracellular solution (in mM: 140 K-gluconate, 8 NaCl, 10 Hepes, 0.02 EGTA, 2 Mg-ATP, 0.3 Na 2 -GTP, and 14 Tris-creatine PO 4 ). The measured liquid junction potential was ϩ15 mV and was corrected off-line.
Data were collected and analyzed using software written in IGOR with a MultiClamp 700B amplifier (Axon Instruments) and an ITC-16 interface (InstruTech). On establishment of the whole cell configuration, neurons exhibited regular, spontaneous action potentials and average membrane potentials of Ϫ65.8 Ϯ 3.4 mV in GIN (n ϭ 42) and Ϫ66.6 Ϯ 2.2 mV in YFP-16 neurons (n ϭ 47; P ϭ 0.23) . Action potentials were recorded in current-clamp mode, filtered at 10 kHz, and digitized at 40 kHz. To evoke action potentials at different firing rates, DC current was injected at the soma for 1 s, every 5 s with increasing intensities. Data were collected in 3 s epochs, consisting of 1 s of spontaneous firing, 1 s of firing in response to DC current injection, and 1 s of recovery to spontaneous firing rates. The amplitude of injected DC current was typically increased in 40 pA intervals until neurons could not sustain firing over the 1 s step, usually about 200 -300 pA.
In voltage-clamp mode, ionic currents were filtered at 8 kHz and digitized at 40 kHz. Whole cell capacitance was compensated through the amplifier circuitry and series resistance was compensated at 70 -90%. The average uncompensated series resistance was 2.4 Ϯ 1.3 M⍀ in GIN neurons (n ϭ 34) and 2.3 Ϯ 1.2 M⍀ in YFP-16 neurons ( n ϭ 26; P ϭ 0.66). The capacitance was measured through the amplifier or by integrating the area of the transient following a step from Ϫ65 to Ϫ75 mV with whole cell capacitance and series resistance compensation turned off. Average cell capacitance was 6.3 Ϯ 1.6 pF for GIN neurons (n ϭ 34) and 8.6 Ϯ 3.3 pF for YFP-16 neurons (n ϭ 26; P ϭ 0.005).
For action potential clamp, each neuron's own action potentials were measured (10 kHz filter, digitized at 40 kHz) and played back through the amplifier in voltage-clamp mode to measure corresponding spike currents. At spontaneous firing rates, 5 s of action potentials were used as the voltage stimulus. When elevated firing rates were measured, voltage stimuli consisted of a 3 s stimulus of action potentials: 1 s of baseline firing, 1 s of firing at elevated rate, and 1 s return to baseline firing. Action potential currents were pharmacologically isolated as described in the following text. In experiments where hybrid action potential waveforms were used to measure resurgent currents (Figs. 5 and 6), trains of action potentials recorded from each neuron were modified by replacing the falling phase of the action potential (starting at the peak) with a 3 s square pulse whose maximum amplitude matched the peak amplitude of the action potential. For the hybrid spikes used in Fig. 7 , voltage stimuli were constructed prior to recordings and the same stimulus was presented to multiple cells.
Pharmacology
To isolate individual ionic currents during action potentials, neurons were perfused with a series of pharmacological solutions, rapidly delivered using a gravity-driven, VC-6 perfusion valve control system (Warner). Transient Na currents were measured by digital subtraction following the application of 1 M tetrodotoxin (TTX; Tocris Bioscience). The next solution consisted of either 1 M paxilline (Tocris Bioscience) to block BK currents or 2 mM MgCl 2 in place of 2 mM CaCl 2 to block Ca currents and Ca-dependent K currents. Once BK currents were blocked, Kv3 currents were isolated by subtraction following application of 1 mM tetraethylammonium (TEA), which under these conditions was specific for Kv3-containing channels (Gittis and du Lac 2007). In some neurons, two additional voltagegated K currents were also measured: non-Kv3-containing delayed rectifier K currents (by subtraction after 10 mM TEA) and A-type K currents (by subtraction after 5 mM 4-aminopyridine [4-AP]). Ca 2ϩ currents were measured as the current blocked when CaCl 2 was replaced with MgCl 2 or when 0.1 mM CdCl 2 was added to solutions containing 1 M TTX, 1 M paxilline, 20 mM TEA, and 5 mM 4-AP.
In experiments investigating the mechanisms of Na current protection during firing, Ca and K currents were first blocked with 20 mM TEA, 5 mM 4-AP, and 2 mM MgCl 2 , substituted for 2 mM CaCl 2 , to minimize the amplitudes of non-Na currents, increasing accuracy of the voltage clamp. Na currents were then isolated by digital subtraction after application of 1 M TTX.
All stock solutions were prepared in water with the exception of paxilline, which was prepared as a 20,000ϫ stock in DMSO. TTX, TEA, and paxilline were stored at 4°C and 4-AP was stored at Ϫ20°C. Unless otherwise noted, drugs were purchased from Sigma.
Data analysis
Action potential parameters were measured using action potential waveforms averaged over 3 s of spontaneous firing or over the last 800 ms of elevated firing rates driven with 1 s of DC current injection. Action potential width was measured half way between action potential threshold and peak. Action potential threshold was defined as the voltage at which the rate of change in membrane potential exceeded 10 V/s. The ionic currents flowing during action potentials were aligned using the peak of the action potential as time 0. Current amplitudes did not vary substantially from action potential to action potential during steady-state firing and were averaged across spikes.
Statistical differences between GIN and YFP-16 neurons were tested with the nonparametric Wilcoxon test for unpaired data. Changes in Na current amplitudes in response to modified action potential waveforms were tested with the Wilcoxon test for paired data. Errors reported in the text are SDs.
For immunocytochemistry of free-floating sections, blocking buffer (2% normal goat serum, 1% bovine serum albumin, and 0.3% Triton X-100 in PBS) was applied for 1 h, followed by primary antibody in working buffer (10-fold dilution of blocking buffer) overnight at 4°C. Sections were washed three times with working buffer and treated with fluoro-conjugated secondary antibody for 1 h at room temperature. After washes in PBS, sections were wet-mounted and coverslipped with 2.5% DABCO (1,4-diazabicyclo-[2.2.2]octane) or Vectashield Hardset (Vector Laboratories). Primary antibodies were mouse anti-Kv3.1b (1:100; NeuroMab), rabbit anti-Kv3.2 (1:100; Chemicon), rabbit anti-Kv3.3 (1:200; Alomone), and mouse antiKv3.4 (1:100; NeuroMab). Controls for the specificity of each antibody were performed by the vendor with Western blot analyses of membrane fractions from adult rat brains that were preincubated with purified antigen. An additional control for the Kv3.1 antibody was performed by immunstaining tissue from Kv3.1 null mice (Neuromab). Primary antibodies were detected with Alexa Fluor 594-conjugated goat anti-mouse (1:200; Molecular Probes) or Alexa Fluor 594-conjugated goat anti-rabbit (1:100 -200; Molecular Probes).
Confocal images were acquired in 0.1 to 0.5 m steps on a Leica TCS SP2 AOBS microscope using laser lines of 488 and 561 nm, with ϫ63 (NA 1.4) objective and ϫ3 hardware zoom. In most cases, images were collected by sequential scanning to avoid possible fluorophore cross talk. Leica software was used to average sequential z-planes in images (two to six z-planes representing Ͻ3 m total). Images were transferred to Adobe Photoshop (Adobe Systems) for whole-image brightness/contrast adjustment and image overlay.
R E S U L T S
Vestibular nucleus neurons exhibit different firing ranges
MVN neurons acutely dissociated from brain stem slices fired spontaneously at 5-25 Hz and responded to intracellular depolarization with increases in firing rate (Fig. 1, A and B) . Maximum firing rate was defined as the highest average firing rate neurons could attain during 1 s of depolarization without entering depolarization block. Although recordings were made at room temperature, some MVN neurons could sustain firing rates Ͼ200 Hz and almost half of the neurons sampled (41/84) could fire faster than 100 Hz.
As with recordings from MVN neurons in brain slices (Bagnall et al. 2007) , dissociated GIN and YFP-16 neurons differed in their ability to sustain high firing rates. GIN neurons exhibited lower maximum firing rates (24 -150 Hz, n ϭ 36) than those of YFP-16 neurons (46 -234 Hz, n ϭ 48, P Ͻ 0.0001). Although the fastest firing neurons were exclusively YFP-16 neurons and the slowest firing neurons were exclusively GIN neurons, the two populations overlapped at intermediate firing ranges (ϳ80 -150 Hz). Maximum firing rates were well correlated with action potential widths, measured at half-height (Fig. 1C) . Action potentials were narrower in YFP-16 neurons (0.62 Ϯ 0.15 ms, n ϭ 48) relative to GIN neurons (0.90 Ϯ 0.19 ms, n ϭ 36, P Ͻ 0.0001).
Na current inactivation accumulates more rapidly in GIN than in YFP-16 neurons
The ability of neurons to sustain high firing rates is limited by Na channel inactivation. To measure how Na current availability changes with firing rate, neurons were driven to fire at increasing rates with DC current injections until action potentials could not be sustained across the 1 s step. The recorded trains of action potentials were then used as voltage stimuli in the same neurons to measure Na currents at rates spanning the firing range of each neuron ( Fig. 2A) . Na currents measured with action potential voltage stimuli were measured by subtraction before and after application of 1 M TTX. At spontaneous firing rates, Na current densities were similar in both GIN (546 Ϯ 127 pA/pF, n ϭ 15) and YFP-16 neurons (551 Ϯ 141 pA/pF, n ϭ 10, P ϭ 0.76; Fig. 2B ). During trains, Na current amplitudes decreased within the first 15 ms to reach steady-state values that varied with firing rate. As neurons approached their maximum firing rates, action potentials became shorter and broader, corresponding to decreased Na currents (Fig. 2 , A and C). As shown for four example neurons in Fig. 2C (two GIN and two YFP-16), Na currents decayed more rapidly as a function of firing rate in GIN neurons compared with YFP-16 neurons. Exponential fits to these Na decay curves yielded significantly smaller time constants in GIN (54 Ϯ 88 Hz, n ϭ 15) versus YFP-16 neurons (502 Ϯ 558 Hz, n ϭ 10, P Ͻ 0.0001; Fig. 2D ). These results suggest that minimizing Na current inactivation at higher firing rates enables YFP-16 neurons to operate over broader dynamic ranges relative to GIN neurons. A: action potentials from a spontaneously firing YFP-16 neuron, driven to fire at 30 Hz with a 40 pA DC square current injection. B: instantaneous firing rate vs. time for action potentials shown in A and for action potentials elicited in the same neuron by a step of 160 pA (average firing rate for 160 pA ϭ 82 Hz). This was the neuron's maximum firing rate because it could not sustain firing across the step with larger current injections. C: plot of maximum firing rate vs. action potential width (measured at half height) for the population of GIN (n ϭ 36) and YFP-16 neurons (n ϭ 48). There was considerable overlap between the 2 populations, but neurons with the narrowest action potential widths and highest maximum firing rates were YFP-16 and neurons with the broadest action potential widths and lowest maximum firing rates were GIN.
Ionic currents engaged during action potentials in MVN neurons
To examine why Na current inactivation accumulates more rapidly in GIN neurons, we measured other ionic currents activated during firing. Trains of action potentials at spontaneous firing rates were recorded in each neuron and played back as voltage stimuli. BK currents were measured by subtraction following application of 1 M paxilline; Kv3 currents after 1 mM TEA (which is specific for Kv3 in MVN neurons once BK currents have been blocked; Gittis et al. 2007 ); delayed rectifier K currents (I Kd ) after 10 mM TEA; A-type K currents (I A ) after 5 mM 4-AP; and Ca currents after either 0.1 mM CdCl 2 or after substitution of 2 mM extracellular CaCl 2 with 2 mM MgCl 2 . Figure 3A shows activation of the pharmacologically isolated ionic currents during action potentials from representative GIN and YFP-16 neurons. TTX-sensitive Na currents activated during the rising phase of the action potential. Kv3 and BK currents were the predominant K currents activated during action potential repolarization. The remaining outward currents (I Kd and I A ) contributed Ͻ10% of the total repolarizing current. Calcium currents were small and peaked during the falling phase of the action potential. At spontaneous firing rates, BK currents were similarly small in both YFP-16 (48 Ϯ 38 pA/pF, n ϭ 5) and GIN neurons (80 Ϯ 59 pA/pF, n ϭ 10, P ϭ 0.43), but Kv3 current densities were nearly twofold larger in YFP-16 (368 pA/pF, n ϭ 11) versus GIN neurons (205 pA/pF, n ϭ 17, P ϭ 0.01).
To determine the role of Kv3 and BK currents in setting neuronal firing range, changes in maximum firing rates were measured after pharmacologically blocking first BK currents with 1 M paxilline, then Kv3 currents with 1 mM TEA. The effect of blocking these currents was markedly different in GIN and YFP-16 neurons. Figure 3C shows instantaneous firing rate versus time measured in a GIN neuron with a maximum firing rate of 66 Hz (average rate during 1 s step). Blocking BK currents reduced the maximum firing rate to 25 Hz. Subsequent blockade of Kv3 currents produced a small additional reduction in maximum firing rate to 15 Hz. Similar effects were observed across the population of GIN neurons, where BK blockade reduced maximum firing rates to an average of 41% of control values (from 66 Ϯ 23 to 27 Ϯ 11 Hz; n ϭ 5), and Kv3 current blockade further reduced maximum firing rates to 25% of control values (17 Ϯ 8 Hz; Fig. 3E ). In contrast, blocking BK currents in YFP-16 neurons (Fig. 3D ) had little effect on maximum firing rates (83% of control values; 118 Ϯ 59 to 98 Ϯ 68 Hz; n ϭ 11), but subsequent blockade of Kv3 currents reduced maximum firing rates to 37% of control levels (44 Ϯ 34 Hz; Fig. 3E ). These results indicate that the firing ranges of GIN and YFP-16 neurons are differentially influenced by Kv3 and BK currents.
Contribution of BK and Kv3 to action potential repolarization depends on firing rate
The contribution of repolarizing potassium currents at different firing rates was probed by driving neurons to fire with 1 s DC current injections of increasing intensities and using the resulting action potentials as voltage command stimuli in the same neuron. In both types of neurons, Kv3 current amplitudes decreased as firing rates increased, but BK currents remained relatively constant. In YFP-16 neurons ( n ϭ 10), Kv3 currents dominated action potential repolarization at all firing rates (Fig. 4,   A and B) . This was also observed in the fastest firing GIN neurons (n ϭ 2; data not shown) but in the majority of GIN neurons (with maximum firing rates Ͻ80 Hz, n ϭ 7), BK currents became the dominant repolarizing current at firing rates Ͼ20 Hz (Fig. 4, C and D) . These results demonstrate that the contributions of BK and Kv3 currents to action potential repolarization at high firing rates differ between YFP-16 neurons and the slower firing GIN neurons.
Fast Kv3-mediated repolarization enhances Na current availability
To understand why Na current inactivation accumulates more slowly in neurons with large Kv3 currents, we analyzed Na currents in YFP-16 neurons with narrow action potentials (0.53 Ϯ 0.13 ms, n ϭ 7), where the contribution from BK currents was minimal (Fig. 5) . In these neurons, spontaneous action potentials (10 -20 Hz for 5 s) were recorded before and after blocking Kv3 currents with 1 mM TEA, resulting in a doubling of action potential width (Fig. 5A, top) . These trains of "control" and "TEA" action potentials were then used as voltage stimuli in the same neurons to measure Na currents. Resulting Na currents consisted of large initial transient components, followed by smaller second components observed . Bottom: average Na currents evoked by trains of action potentials described above. In voltage clamp, neurons were perfused with a 0 Ca 2ϩ Tyrode's solution containing 20 mM TEA and 5 mM 4-aminopyridine (4-AP). Na currents were measured by subtraction after 1 M tetrodotoxin (TTX) application and averaged over the last 4 s of the train. Inset: expanded view showing Na currents during action potential repolarization. Note the changes in the amplitude and kinetics of noninactivated Na current after application of 1 mM TEA. B, top: average action potential waveform in Tyrode's solution (black, solid line) and corresponding hybrid spike waveform (dotted line). Bottom: average Na currents evoked by trains of action potentials described above. C, top: average action potential waveform in 1 mM TEA (gray, solid line) and corresponding hybrid spike waveform (dotted line). Bottom: average Na currents evoked by trains of action potentials described above. during action potential repolarization (Fig. 5A) . The second component represents current flowing through Na channels that were not inactivated Bean 1997, 1999) . Blocking Kv3 currents significantly reduced the peak amplitude of noninactivated Na currents from 1250 Ϯ 680 to 460 Ϯ 240 pA (n ϭ 7, P ϭ 0.02).
A fraction of Na channels in fast-firing neurons are protected from inactivation by an endogenous blocking particle whose release from the pore produces a "resurgent" Na current (Raman and Bean 1997). To measure resurgent Na current during action potential repolarization, a modified voltage protocol was used in which the rising phase of each action potential was replaced with a 3 ms depolarizing square pulse (Do and Bean 2003; Enomoto et al. 2006) (Fig. 5, B and C) . Surprisingly, the peak amplitude of resurgent Na currents measured with hybrid spike stimuli was significantly smaller (by 74 Ϯ 13%, n ϭ 7, P ϭ 0.004) than that of noninactivated Na currents measured with "control" action potential stimuli (Fig. 5B) . This suggests that noninactivated Na currents observed during natural action potential stimuli were mainly not resurgent currents. This was not the case when TEA was applied to block fast action potential repolarization. The peak amplitude of noninactivated Na currents measured with "TEA" action potential stimuli was not significantly different from the peak amplitude of resurgent Na currents measured with "TEA hybrid" stimuli (difference of 33 Ϯ 20%, n ϭ 7, P ϭ 0.097; Fig. 5C ).
These results indicate that Na channels can be protected from inactivation during firing both by a resurgent mechanism and by Kv3 currents. Noninactivated Na currents measured with "control" action potential stimuli represent tail currents through Na channels that have not yet entered inactivated or blocked states. Therefore Kv3-mediated action potential repolarization protects Na channels from inactivation by hyperpolarizing the membrane sufficiently fast that some Na channels transitioned directly from the open to closed state, bypassing both inactivated and blocked states.
Differential contribution of Kv3 currents across MVN neurons
To determine the extent to which Kv3-mediated protection of Na channels is engaged across the population of MVN neurons, we measured noninactivated Na currents during action potential repolarization in GIN and YFP-16 neurons. Figure 6A shows the average action potential waveform recorded from a spontaneously firing YFP-16 neuron with a narrow action potential (width: 0.46 ms). The Na current measured in action potential clamp had a large noninactivated component during action potential repolarization whose peak was 63% larger {100 ϫ [(1 Ϫ peak resurgent current/peak noninactivated current)]} than the resurgent current alone, measured with a hybrid spike. In contrast, in a GIN neuron with a much broader action potential (width: 1.2 ms), the noninactivated Na current observed during action potential repolarization was similar in amplitude (25% larger) and kinetics to the resurgent Na current measured with a hybrid spike (Fig. 6B) .
Across the population, neurons with the widest action potentials (Ͼ0.8 ms) exhibited noninactivated Na currents whose amplitude and kinetics could not be distinguished from those of resurgent Na currents (peak amplitude of noninactivated currents was 13 Ϯ 49% larger; n ϭ 6, P ϭ 0.33; Fig. 6C ). In contrast, neurons with action potentials narrower than 0.8 ms had noninactivated Na currents that were larger than expected through a purely resurgent mechanism (70 Ϯ 0.16%, n ϭ 11, P ϭ 0.001) and increased in amplitude as action potential widths decreased. As shown in Fig. 6D , action potential widths were well correlated with Kv3 current amplitudes.
Kv3-mediated protection enhances Na currents at high firing rates
To examine the firing range over which Kv3 currents contribute most to sodium channel availability, we measured Na currents evoked by voltage stimuli constructed from two pairs of action potentials with and without pharmacological block of Kv3 channels. Figure 7A shows a pair of control action potentials, separated by an interspike interval of 10 ms (100 Hz) and the corresponding Na currents measured with action potential . Bottom: average Na currents elicited by the voltage stimuli described in A. Note the difference in noninactivated Na current during repolarization of the natural action potential waveform compared with the hybrid spike. Na currents were measured as described in Fig. 5 . B: average action potential waveform over 3 s of spontaneous firing in a GIN neuron (solid gray) and corresponding hybrid spike (dashed line). Bottom: average Na currents elicited by the voltage stimuli described in A. Note that the noninactivated Na current is similar for both stimuli. C: noninactivated Na currents measured during repolarization, plotted as a function of action potential width. Noninactivated Na currents were normalized to the peak transient Na current for comparison across cells. Noninactivated Na currents were measured during the repolarization phase of either the natural spike waveform (black symbols) or the hybrid spike stimulus (gray symbols) for GIN (circles, n ϭ 7) and YFP-16 neurons (triangles, n ϭ 7). D: plot of Kv3 current density as a function of action potential width, measured with action potential clamp from spontaneously firing clamp. The first action potential elicited a large transient Na current and the second action potential elicited a smaller transient Na current (ratio ϭ 0.68), indicating a reduction in Na channel availability. Figure 7B shows the same pair of action potentials but the repolarizing phase of the first action potential was replaced by that measured after blocking Kv3 currents with 1 mM TEA. In response to "TEA hybrid" stimuli, the first action potential elicited a similar transient Na current but a much smaller transient Na current during the second action potential (ratio ϭ 0.43). Blocking Kv3-mediated action potential repolarization changed the amplitude and kinetics of the noninactivated Na current (arrows in Fig. 7, A and B) , indicative of more resurgent current and less tail current (see Fig. 5 ).
The effect of Kv3-mediated action potential repolarization on Na channel availability was measured across a range of firing rates (25, 55, 88, 100, and 127 Hz; Fig. 7C ). As interspike intervals became shorter, Na channel availability decreased during both "control" and "TEA hybrid" stimuli. However, Na channel availability was significantly greater at all firing rates when Kv3-mediated repolarization was intact (n ϭ 9, P Ͻ 0.0001). The presence of Kv3 repolarizing currents influenced sodium currents during the second action potential only modestly at low firing rates (by 4 and 14% at 25 and 55 Hz, respectively) but increased sodium channel availability by 33-35% at higher firing rates (Fig. 7C) . These results indicate that Kv3 currents extend sodium channel availability predominantly at interspike intervals Ͻ20 ms.
Differential expression of Kv3 channel subunits in YFP-16 and GIN neurons
The results presented earlier, together with published data on whole cell potassium currents (Gittis and du Lac 2007), demonstrate that Kv3 currents are larger in YFP-16 than those in GIN neurons and that graded expression of Kv3 currents underlies the continuous distribution of firing ranges in MVN neurons. To examine the molecular basis for these observations, we analyzed expression of Kv3.1b, Kv3.2, Kv3.3, and Kv3 .4 subunits via immunohistochemistry in fixed sections prepared in tandem from YFP-16 and GIN mice. Immunostaining with antibodies generated against the Kv3.1b, Kv3.3, and Kv3.4 subunits resulted in immunofluorescence primarily along neuronal membrane surfaces (Fig. 8) . In contrast, antibodies to the Kv3.2 subunit resulted in a diffuse pattern of immunofluorescence within neuronal cell bodies with only occasional staining of membrane surfaces (not shown). The percentages of neurons in YFP-16 and GIN lines that were immunostained by antibodies to each Kv3 subunit are shown in Table 1 . Most YFP-16 neurons (91%) were immunopositive for Kv3.1b (Fig. 8A) ; in contrast, relatively few GIN neurons (23%) showed surface staining with Kv3.1b antibodies. Kv3.2 immunostaining was also present in some GIN neurons and in the majority of YFP-16 neurons (Table 1) . Immunostaining against Kv3.3 showed the most striking differential expression (Fig. 8, C and D) : almost all YFP-16 neurons were immunopositive for Kv3.3, whereas no GIN neurons were. Kv3.4 was expressed in the majority of neurons from both lines (Table 1) . These results indicate that the differences in fast repolarizing currents in YFP-16 and GIN neurons result from differential expression of Kv3 channel subunits.
D I S C U S S I O N
This study demonstrates that vestibular nucleus neurons use several mechanistic strategies to ensure adequate sodium channel availability in the face of maintained high firing rates. First, these neurons express high levels of sodium channels with biophysical properties that enable slow entry into and rapid recovery from the inactivated state (Gittis and du Lac 2008). Second, the presence of resurgent sodium current indicates that some sodium channels escape inactivation by being blocked during the depolarizing phase of the action potential. Third, high expression of rapidly activated Kv3 currents protects sodium currents from inactivation by transitioning channels directly from the open to the closed state during action potential repolarization. Finally, in GIN neurons that express relatively low levels of Kv3 currents, expression of BK currents extends the firing range in depolarized firing regimes that compromise the availability of voltage-dependent Kv3 currents.
Although previous studies using conventional voltage-step stimuli demonstrated the presence of Kv3 and resurgent Na currents in MVN neurons (Gittis and du Lac 2007 Lac , 2008 , assessing the contributions of these currents across neuronal . Bottom: Na current responses to action potential stimuli, measured by TTX subtraction in 0 Ca 2ϩ Tyrodes ϩ 20 mM TEA and 5 mM 4-AP. Note the change in amplitude and kinetics of noninactivated Na current during action potential repolarization, consistent with a tail current in A but a resurgent current in B. C: Na current availability, measured as the ratio of the Na current amplitude during the second spike compared with the first, at each firing rate tested in n ϭ 9 neurons. Error bars represent SD.
firing ranges required the use of the action potential clamp method (Bean 2007). Our measurements of Na tail currents evoked during action potential repolarization indicate that some Na channels are protected from inactivation during firing. By comparing the time course and magnitude of the Na tail currents evoked during natural action potentials with those evoked by hybrid action potentials designed to assess the contributions of resurgent Na currents, we infer that the resurgent mechanism protects a fixed fraction of Na channels from inactivation across all firing rates and that rapid Kv3-mediated repolarization is particularly important at high firing rates. Computer models suggest that Kv3 currents affect Na channel availability by changing the kinetics of the blocked state that gives rise to resurgent Na current (Akemann and Knopfel 2006; Zagha et al. 2008) . Our results, along with a recent study of fast-firing Purkinje and cortical neurons (Carter and Bean 2009) indicate that Kv3 currents enhance Na channel availability simply by repolarizing the membrane so rapidly that some channels are precluded from entering either inactivated or blocked states.
MVN neurons comprise a heterogeneous population capable of firing at high sustained rates but varying in firing range (Bagnall et al. 2007 ). The results from the action potential clamp studies presented here together with conventional voltage-clamp studies of Na and K currents (Gittis and du Lac 2007, 2008) indicate that the firing range of vestibular nucleus neurons is set primarily by Kv3 currents. The fastest firing neurons, from the YFP-16 line, express Kv3 currents that are larger and have more rapid kinetics than those from slower firing GIN neurons. In contrast, the kinetics of Na channel activation and inactivation are equivalent in YFP-16 and GIN neurons (Gittis and du Lac 2008), implying that differences in Na channel availability are determined by expression levels of Kv3 currents. Immunostaining against Kv3 channel subunits suggests that qualitative differences in channel isoform expression, primarily in Kv3.3 subunits, contribute to variations in Kv3 currents across neurons.
It is well established that the kinetics and voltage-dependent properties of Kv3 channels are tuned to promote fast firing. They exhibit rapid activation kinetics that minimizes action potential duration and rapid deactivation kinetics that reduces refractory periods (Erisir et al. 1999; Lien and Jonas 2003; Rudy and McBain 2001) . Although both Kv3.3 and Kv3.4 subunits have particularly fast kinetics, the differential expression of Kv3.3 but not Kv3.4 subunits in MVN neurons (Table  1) , together with the existing literature (Brooke et al. 2010) , suggest that Kv3.3 subunits play particularly important roles in determining neuronal firing properties. Kv3.3 subunits influence both the tonic firing and complex spike activity of Purkinje cells (Akemann and Knopfel 2006; Zagha et al. 2008) . Mutations or deletions of Kv3.3 subunits result in movement disorders and altered olivocerebellar functioning McMahon et al. 2004; Waters et al. 2006 ). In Kv3.3 or Kv3.1/3.3 knockout mice, motor deficits are partially rescued by selective reexpression of Kv3.3 in Purkinje cells (Hurlock et al. 2008) . Remaining deficits could reflect altered firing of deep cerebellar nucleus neurons (Hurlock et al. 2009 ) and/or altered signaling through vestibular nucleus neurons.
Although Kv3 currents are particularly critical for action potential repolarization at high firing rates in YFP-16 neurons, as has been shown in electrosensory pyramidal cells (Fernandez et al. 2005) , BK currents dominate repolarization at the highest firing rates in GIN neurons (Fig. 4) . These data indicate that the contributions of ion channels to neuronal output can change as a function of neuronal firing rate, as first illustrated in studies of Aplysia Koester 1995, 1996) . A role for BK channels in enabling fast action potential firing has also been observed during burst firing in Purkinje cells (McKay and Turner 2004) , but contrasts with the situation in hippocampal pyramidal neurons, in which accumulating inactivation of BK currents promotes action potential broadening (Gu et al. 2007; Shao et al. 1999) . The observation that spike generation in YFP-16 and GIN neurons is linear, although repolarizing currents can differ between the two populations, adds to observations in other cell types that neurons with different underlying currents can produce similar firing outputs (McAnelly and Zakon 2000; Schulz et al. 2006; Swensen and Bean 2003) .
The vestibular system is remarkable for its speed and accuracy, maintained by experience-driven plasticity (Brandt and Dieterich 1999; Gittis and du Lac 2006; Straka et al. 2005) . Information processing in the vestibular system is thought to occur along parallel processing streams, some of which are tuned for fast signal transmission, whereas others play a more integrative role (Beraneck et al. 2007; Biesdorf et al. 2008; Lisberger et al. 1994; Ramachandran and Lisberger 2006) . Based on transmitter content and anatomical location of YFP-16 and GIN neurons in the vestibular nuclei (Bagnall et al. 2007 ), YFP-16 neurons likely represent premotor neurons in fast pathways, whereas GIN neurons correspond to local inhibitory neurons in slower, integrative pathways (Beraneck et al. 2007; Biesdorf et al. 2008; Buttner-Ennever 1992; Epema et al. 1988; Sekirnjak and du Lac 2006) . Both Kv3 and BK currents can be regulated by experience and neuronal activity. In MVN neurons, synaptic inhibition triggers rapid and long-lasting reductions in BK currents that result in increases in intrinsic excitability (Nelson et al. 2003) via reductions in CaMKII activity (Nelson et al. 2005) . Our results indicate that such activity-dependent reductions of BK currents would have little effect on the fastest firing projection neurons but would reduce the firing range of slower firing inhibitory interneurons. Kv3 channels can also be modified by phosphorylation in an experience-dependent fashion (Song et al. 2005) . Graded expression of Kv3 currents in MVN neurons in fast and slow pathways appears to develop during the first few weeks postnatally, as inferred from developmental decreases in action potential width (Murphy and du Lac 2001) . This raises the possibility that postnatal maturation of vestibular nerve activity (Hurley et al. 2006; Rusch et al. 1998; Wooltorton et al. 2007) contributes to the tuning of intrinsic firing of central vestibular neurons.
